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exponent values of 0.20 to 0.34 were observed for the HIP-50 data compared to

the range of 0.38 to 0.48 observed for the X-520 data.

Scanning electron microscopy (SEM) observations on fractured surfaces of
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regions in the SEM showed higher quantities of Si, 0, and Al in these regions.
Subsequent X-ray diffraction examination of these materials showed the

presence of a few extra peaks in the patterns obtained from the X-520 samples
which were noticeably absent in the HIP-50 diffraction data. These extra
peaks were attributed to the presence of Be2 SiO4 as an extraneous phase in
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A reasonably extensive effort was expended on the design of an7
experimental piece of apparatus for measuring microcreep at the 10 inch/inch

-: level. The system has been designed to accommodate the application of load
in the range of 100 to 10,000 psi with test runs that will allow sample
temperature to be maintained at a given value between 100 and 1800F, regulated
to within +0.02°F. Strain will be measured using a capacitance probe specially
designed for this purpose.
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SECTION 1

INTRODUCTION

Structural members of inertial instruments undergo dimensional

changes from micromechanical processes during different modes of

assembly and operation. These changes manifest themselves in small

amounts of mass shifts which become sources of error in the performance

of the'inertial devices. The sources of dimensional instability are

several among which some readily identifiable ones are phase trans-

formation, relief of residual stresses, and microplastic deformation

occurring because of externally applied stresses. These externally

applied stresses are the most difficult to control in that some minimum

elastic stresses need to be applied to the different structural members

when the instrument is assembled for satisfactory functioning of the

instrument with high physical integrity. The gradual relief of such

applied elastic stresses, with the passage of time, results in permanent

shape changes in the material (giving rise to mass shifts) because of

the induced plastic strain. Dimensional changes occurring from effects

such as phase transformations and relief of residual stresses, on the

other hand, can be substantially minimized (if not altogether

eliminated) by appropriate material and process selection procedures.

ideally, advanced generations of inertial instruments require

that induced long-term microplastic strains be maintained at levels

substantially lower than 10-6 to 10- inch/inch. Strains of this low

order of magnitude can result in moderate strength engineering materials

with the application of very low applied stresses such as those that are

associated with essential assembly operations such as shrink fit, bolt

tension, or rotational stress. Because it is not possible to reduce

these stresses below a reasonable limit, it becomes desirable to predict

the plastic microstrain in such circumstances and compensate for the

resulting errors. In the past, much of the prediction criteria for the



several instrument component members has been based on the use of the

measured microyield strength (MYS) of the material. (A microyield

strength measurement typically consists of a series of short-term load-

unload cycles, increasing in stress level. During this period the total

accumulated residual plastic strain is recorded for each incrementally

higher level of applied stress. Conventionally, that level of applied

stress which is required to result in one residual microstrain (= 10- 6

strain) is referred to as the microyield strength of the material).

More recently, however, it has become apparent that microcreep, which is

a continuous dimensional change measured at a 10- 6 or lower strain level

at a given temperature and applied load, is of considerably more

significance to the designer than is the MYS of the material which

appears only suited to short-term strain effects. (1) Observations

elsewhere(2) have shown that significant microcreep will occur at stress

levels that are but only a fraction of the measured MYS value.

The emphasis in this activity has progressively shifted from a

determination of the MYS value of the HIP-50 beryllium material to an

examination of other experimental grades of beryllium. In particular,

the X-520 grade of beryllium produced by the Brush-Wellman Co. has been

examined for MYS in a manner analogous to the HIP-50 Be. Attempts are

also underway to fabricate and assemble an apparatus capable of

measuring long-term microcreep at strain levels on the order of 10
- 7

inch/inch. A close examination of the microstructure of the several

beryllium samples using standard analytical techniques has continued

with the aim of eventually being able to explain the effects of selected

heat treatments on the measured micromechanical properties of the

different grades of beryllium. The efforts are also aimed at developing

finite element modelling techniques for predicting actual material

behavior from the measured rates of microcreep. Efforts have recently

been Initiated towards the procurement of metal matrix composite

materials for evaluation as alternate materials to beryllium.

2



SECTION 2

OBJECTIVES

The present objectives of this program are as follows:

(1) To survey the literature on microplastic properties of

materials and summarize the data for use in modelling

instrument performance and design analysis. (This

information was contained in reference (3).]

(2) To study the microplastic behavior of HIP-50 and X-520

grades of beryllium and the relationship to microstructure.

(3) To predict microdeformation behavior of typical instrument

component€ F inq finite element analysis techniques and

experimentally determined microcreep data.

(4) To investigate the suitability of metal-matrix composite

materials as alternate materials to beryllium as the

structural members of the inertial devices.

3



SECTION 3

PREVIOUS WORK

Work accomplished prior to this past year's effort is described

in detail in references (1,), (3), and (4). A brief summary is included

here.

(1) Procedures were established for preparing specimens and

measuring values of their microyield strength (MYS) while

ensuring that a reasonable precision of alignment was

obtained.

(2) MYS measurements were performed on as-received and heat

treated hot isostatically pressed HIP-50 beryllium purchased

from Kawecki Berylco Industries. The highest MYS value of

26.5 kpsi was obtained after heat treating the as-received

material at 6000C for 100 hours.

(3) The HIP-50 MYS measurements showed that if a correlation is

desired between the processes of microyield and microcreep

one must take into account the value of the strain exponent

in the low strain regime (obtained by plotting the data on

logarithmic coordinates) in additin to the measured MYS

value.

(4) Optical microscopy was determined to be of limited utility

in determining the effects of the several thermal treatments

on sample microstructure. However, it was concluded that

extreme care was needed in sample preparation for

microstructure examination to avoid introducing damage in

regions near the surface.

S -. .



(5) Transmission electron microscopy was determined to be a

substantially more powerful tool for examining sample

microstructure. Initial examinations of the as-HIPed

material was made at the National Bureau of Standards using

a perchloric based solution. ( 4 ) Subsequent examinations

were performed on heat treated HIP-50 samples at a local

facility using a chromic-acetic solution which was

successfully investigated for this purpose. The differences

noted in the samples were related mainly to phase

precipitation and segregation.

(6) Modelling studies were performed on a typical gyro component

and on a disc-shaped specimen for biaxial loading.

Deflection, resulting from microcreep processes, were

calculated for these instances. Finite element analytical

techniques were also extended for evaluating the stress

field in a proposed test specimen for microcreep

measurements. It was determined that if three individual

lugs were used to replace the axisymmetric ribs of a

conventional tensile microcreep sample, a substantially more

uniform stress field is obtained.

6
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SECTION 4

PRESENT WORK

Progress achieved during this past year was mainly related to

experimental determination of the microyield (10-6 strain) and

macroyield (0.2 percent strain) properties of the X-520 grade of

beryllium, their comparison with similar data on HIP-50 beryllium,

interpretation of the measured mechanical properties with respect to

sample microstructure, and use of the finite element analysis technique

for predicting the microdeformation behavior of typical instrument

components from the experimentally obtained microcreep data. Most of

this data is currently being collected on 1-400 grade of beryllium at

the National Bureau of Standards (NBS) under a parallel program which is

also supported by the Office of Naval Research. (The Charles Stark

Draper Laboratory, Inc., serves as a source of applications information

to NBS and has provided this past year [as in previous years] the

specialized beryllium machining facilities for manufacturing the

microcreep specimens.)

4.1 Physical and Chemical Property Differences between the Different

Grades of Beryllium

There are significant structure, fabrication process, and

chemical composition differences between the different grades of

beryllium currently under investigation at CSDL and NBS. The rationale

for examining these different beryllium grades arises from the

recognition that the several differences that exist must somehow

influence the mechanical (microyield and microcreep) properties that are

measured. The large data base that these different beryllium grades

provide should ultimately aid in the establishment of a detailed, high

confidence level correlation between beryllium microstructure and

associated mechanical properties.

7



An additional motivation for examining these materials is

provided by the fact that both the HIP-50 and the X-520 grades of

beryllium show macro-mechanical properties which are substantially

superior to those of the 1-400 grade (used currently in inertial

devices) while possessing a much lower level of beryllium oxide, BeO.

This latter feature allows the X-520 and HIP-50 grades to be fabricated

to a better surface finish than is possible with 1-400. Micromechanical

data obtained as part of this effort has shown that these two beryllium

grades are also equally (in the case of X-520) or more (in the case of

HIP-50) resistant to short-term microdeformation, with respect to 1-400,

as indicated by the measured microyield strength values. It is,

therefore, clearly of interest to understand what makes these materials

superior to the presently used 1-400 material. It is unfortunate,

however, that unlike 1-400 beryllium which is produced in large

quantities, HIP-50 and X-520 were experimentally produced, both on a

laboratory scale -- the former by Kawecki-Berylco using hot isostatic

pressing of high purity beryllium powder and the latter by the Brush-

Wellman Co. using hot pressing of lower purity powder. Kawecki-Berylco

has since discontinued its beryllium business. Table I shows a

comparison of the several properties, as reported by the manufacturers,

of the three beryllium grades. It should be noted that 1-400 contains

the highest level of chemical impurities and HIP-50 the least. Also to

be noted are the macromechanical properties of both the experimental

beryllium grades provided by the manufacturers; while comparing

favorably to each other, the HIP-50 and X-520 values are considerably

superior to those of 1-400 beryllium.

4.2 Microyield and Macroyield Testing of HIP-50 and X-520 Samples

Tensile testing of these materials, after various special heat

treatments, was performed in both the micro (I x to6 plastic strain)

and macro (0.2% plastic strain) regimes. The microyield data collected

on HIP-5C beryllium has been reported previously. (I) Additional macro-

yield observations made on HIP-50 and X-520 materials and microyield

evaluation of the X-520 beryllium grade are now reported in this study.

8



Table 1. Comparison of properties of X-520, HIP-50 and 1-400 beryllium.

Chemical Analysis X-520 HIP-50 1-400

BeO 2.27% 1.68% 4.25%

Al 200 ppm 40 ppm 1600 ppm

Si 300 ppm 40 ppm 800 ppm

Fe 600 ppm 500 ppiv 2500 ppm

C 1200 ppm 290 ppm 2500 ppm

Mg 100 ppm 20 ppm 800 ppm

Ni 170 ppm

Grain Size (Microns) 5 9 10

Mechanical Properties

U.T.S (lb/in 2 ) 73,000 81,000 50,000

Y.S. (lb/in2 ) 56,000 63,000 -

Elongation (%) 2 to 5% 4% <1%

9



(Details on the experimental procedures and apparatus used for obtaining

the microyield data are discussed in Reference (3).] The macroyield

measurements were made in conventional manner using an Instron testing

machine. It was hoped that a correlation might exist between the micro-

and macroyield behaviors and these experiments were performed to

determine if such a correlation indeed existed. The measurements were

made on samples both in the as-pressed as well as in the heat treated

condition. Additionally, with the X-520 material, two sets of samples

were evaluated (one set each belonging to the longitudinal and the

transverse directions of pressing, respectively) whereas only one set

was examined for the HIP-50 material, principally because of a shortage

of material availability and also because this grade of beryllium is

very isotropic, having been produced by the hot isostatic pressing (HIP)

technique. X-520, on the other hand, is produced by the more

conventional uniaxial hot pressing process and is therefore expected to

display some anistropy.

Notable differences in behavior were seen for these Miaterials in

their response to heat treatment as well as in their measured tensile

properties. (The heat treatments that were used, as indicated

elsewhere ( I ) were the result of studies in Reference (5).1 The HIP-50,

as received, showed a macroyield stress which was comparable to 1-400

but its microyield stress was 60 percent higher (-17 kpsi for HIP-50

versus -10 kpsi for 1-400). Of the three heat treatments that were

used, an aging treatment of 6000C/100 hours was the most effective,

raising the macroyield by 26 percent to 70.5 kpsi. However, the

microyield increase was much greater, 59 percent, to 27 kpsi. Heat

treatments at 8700C, followed by a step aging treatment, and at 10500C,

followed by aging at 3700C, gave improvements of approximately 20 per-

cent and 2 to 4 percent, respectively, for yield stress measurements in

both regimes.

On the other hand, tensile testing of the X-520 grade beryllium

in the "as received" condition showed values of macro- and microyield

stress which barely met the accepted specifications for 1-400. These

10
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numbers were virtually unaffected by any of the heat-treatments,

although there was an apparent slight improvement imparted by the

600OC/100 hour aging exposure. All of the collected data is shown in

Tables 2, 3, and 4. Comparison of the X-520 results with those for

HIP-50 and 1-400 suggests the importance of factors, other than the

grain size, such as the presence of dispersed phases, including

precipitates, or small quantities of dissolved contaminants in

determining the microyield behavior of the material. It may be

significant that the silicon content of the X-520 was higher than in the

HIP-50. This contaminant was found by NBS in their survey to correlate

with reduced strength. (6 ) The elevated silicon, in the absence of an

offsetting strengthening by a dispersed BeO phase, may be the basis for

the low tensile values shown for X-520 here.

Table 2. Summary of microyield data* on
Brush Wellman X-520 and KBI HIP-50.

Microyield Strength (lb/in 2)

Specimen Condition X-520 HIP-50

Longitudinal Transverse

As Received 8000 8600 17,000

HT1 8300 9000 27,000

HT2 8100 7900 17,700

HT3 9600 8200 20,800

* Microyield data is for 1 x 10-6 offset

HTI: HIP + 6006C, 100 h

HT2: HIP + 10550C, 2 h solutionize, quench + 3700C, 24h,
furnace cool

HT3: HIP + 8706C, 2 h + slow cool and step age
(7500C, 20 H + 7200C, 20 h + 6950C, 20 h, furnace cool)

11 '
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As shown elsewhere,(I ) even in the absence of the desired

microcreep data for the materials whose correponding microyield testing

has been accomplished, it has been possible to gain further insight into

the implications of the data which have been obtained. In mary cases,

for low levels of strain such as those contemplated here, the stress-

strain relationship can be expressed empirically as

n
a = AC (fore' e e e')

or

log a = n log e + log A

where

a = applied stress

e - residual strain

= assigned values of strain in the low
strain regime

n = strain exponent

A = proportionality constant

If the stress-strain data are shown on a log-log plot the slope

of the curve is therefore n, the strain exponent, which is believed to

have physical significance related to the strain hardening processes in

the material. Clearly, therefore, this quantity should have a strong

relationship to the microcreep characteristics of the material, since a

larger strain exponent implies the need for a larger stress to produce a

given level of residual strain. However, because creep is a process

occurring over an extended period of time, other time-dependent

processes such as diffusion will also have an effect on the total

observable creep phenomenon.

14
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Log-log plots of the data obtained for HIP-5O a nd X-520 revealed

wide variations in strain exponent between the two materials and among

the heat treatments applied. The existence of differing slopes for the

various stress-strain relationships of the different material types and

conditions implies that the perceived relative merits of anry two

materials or heat treatments will change depending on the strain level

at which they are compared. When it is considered that the 10-6 level

is completely arbitrary, and that a completely different ranking of

apparent value could be obtained by simply focusing on a different low

level of strain, it is apparent that assessment of resistance to

microplastic deformation must take into account such additional factors

as the strain exponent.

Along with the consideration that a strain level of 10-6 is

purely arbitrary, there is the recognition that if strains of ever-lower

orders of magnitude are contemplated, one will be reached which is

infinitesimally small. The strain level of 10- 10 might be considered to

be such a marginally detectable strain, and the stress value needed to

produce such a minimal plastic deformation could be designated as the

intrinsic strength of the material, or the threshold stress needed to

effect the onset of plastic deformation.(
7 )

On the assumption that the measured values of low-regime stress-

strain data are capable of extrapolation down to the 10-10 strain

intercept, the data shown in Table 5 were determined. It should be

noted, however, that in each instance only one sample was measured

mainly because of material shortage. Even so, whereas the relative

values obtained from the different heat treatment conditions for samples

belonging to a given beryllium grade might be suspect (because only one

sample was measured in each instance), the data clearly shows that

substantial differences in microyield behavior do exist between the

HIP-5O and the X-520 beryllium grades. HIP-50 shows a considerably

larger ?4YS (and "intrinsic" strength) value and a substantially 'lower

strain exponent, "n," value than does X-520. As mentioned earlier, the

observed microcreep phenomenon is expected to depend on both the MYS and

15



the "n" values; therefore, the significance of these calculated values

will only be demonstrated once reliable microcreep data have been

collected on samples from these materials. A tension microcreep

measuring apparatus is being assembled at CSDL for this purpose. Its

design details and expected capabilities are discussed in a later

section of this report.

Table 5. "Instirsic strength" and strain exponent.

Material/Heat Treatment 0, 10- 10 , kpsi n

HIP-50/As HIP 1.3 0.28

HIP-50/HT-1 1.9 0.28

HIP-50/HT-2 2.8 0.20

HIP-50/HT-3 0.9 0.34

X-520 L*/As received 0.16 0.43

X-520 Tt/As received 0.16 0.43

X-520 L/HT-1 0.14 0.45

X-520 L/HT-1 0.12 0.47

X-520 L/HT-2 0.26 0.38

X-520 T/HT-2 0.14 0.44

X-520 L/HT-3 0.23 0.41

X-520 T/HT-3 0.11 0.48

* Longitudinal

t Transverse

16



4.3 Microstructure Evaluations

4.3.1 optical Microscopy

Earlier work on HIP-50 material had shown that optical microscopy

was of limited utility in determining the effects of the several heat

treatments on microstructure. Optical examination of the as-received

and heat treated X-520 samples was, therefore, performed only from the

view of observing the as received grain size and anry subsequent changes

in it that might have occurred from the heat treatments that were

employed. (As reported earlier for the HIP-50 materials, 11 1 all of the

heat treatments on X-520 samples were also performed after sealing themi

under an argon partial pressure inside stainless steel containers. This

avoided both a potential for furnace contamination as well as

significant beryllium loss from the samples due to evaporation.)

In line with earlier observations on the HIP-SO materials, no

appreciable changes in the X-520 grain size were observed from the

different heat treatments that were employed. The micrographs showing

the respective grain sizes were obtained using differential phase

contrast (Nomarski) microscopy and two of these are shown in Figure 1.

Care was taken in the preparation of these samples since it was known

that it is easy to introduce mechanical damage in the surface regions of

these materials if extreme care is not exercised. It was interesting to

note from the micrographs in Figure 1 that the grain size of the X-520

is about 10 jim and, therefore, similar to that of HIP-50 and 1-400

beryllium and not considerably smaller than these beryllium grades as

was earlier believed from the data shown in Table 1. The large

differences in behavior observed between HIP-SO and X-520, given their

somewhat comparable levels of oxygen, must, therefore, be related to

microstructure effects stemming from the other differences in

composition.
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Figure 1. Nomarski micrographs on' X-520 samiples.

(A) As received; (B) After HT 3.
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4.3.2 Scanning Electron Microscopy (SEM)

SEI4 examination of fractured surfaces of several of the samples

failed to show many significant topographical differences between the

HIP-50 and the X-520 materials. Photographs obtained on fractured

surfaces of these beryllium grades in the as-pressed (as-received)

condition are shown in Figure 2. EDAX (energy dispersive x-ray

analysis) of HIP-50 did not show any preferential segregation of the

several low level impurity elements that are known to be present in this

material. SEM examination of X-520, however, was somewhat more

promising. A few regions were observed in this sample that appeared

somewhat less crystalline than the bulk of-the material. one such

region is shown in Figure 3 at different magnifications. This region

was analyzed and found to contain significantly larger quantities of Si

and Al than did the surrounding material. Indications of a higher

concentration of oxygen in this region were also present. The signal for

Fe, in contrast, appeared to be no higher than background. X-ray maps

obtained for the different elements showing their spatial distribution,

at low magnification are shown in Figure 4. It was noted that some

small particulates observed on the fractured sample surfaces (such as

those in Figures 2 and 3) did not contain any elements that could be

detected by the present apparatus (which constitute all the elements

that are believed to be the major impurities in these beryllium grades).

4.3.3 X-Ray Diffraction Analysis

The amount of extraneous phases, composed presumably of the

elements Fe, Al and Be in the beryllium samples are so small that their

detection by the X-ray diffraction technique would not normally be

expected. However, if a sufficiently pure narrow band of X-ray with

small wave length, such as filtered Cu Karadiation is used for

diffraction of the beryllium sample, then very long time exposures can

he used without darkening the photographic film. The absorption edge of

beryllium being extremely large compared to the 1.54 A Cu Karadiation,
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Figure 2. As-pressed fractured surfaces of (A) HIP-50;
(B) X-520, transverse; and (C) X-520, longitudinal.
SEM examination.
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Figure 3. Region observed in X-520 
sample.

Different magnifications.
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there is no fluorescence of the sample. The main cause of film

darkening is thus not present. Very long time exposures for diffraction

can therefore be used, which might then produce characteristic

diffraction patterns of very minor amounts of second phases.

Based on the above reasoning, x-ray diffraction patterns were

obtained using a Debye-Scherer camera. The x-radiation used was Ni-

filtered Cu-radiation at 35 KV and 20 mA, and the exposure times were 21

to 24 hours for each sample. The samples examined were HIP-50 and X-520

grade beryllium in the as-received as well as the heat treated

condition. The effects of the heat treatments were not noticable in the

diffraction patterns. All four HIP-50 produced identical patterns, as

did the X-520 group. But there was a distinct difference between the

two groups with respect to the presence of diffraction lines from trace

amounts of extraneous phase (or phases). In both groups of patterns,

the beryllium diffraction lines were very strong and the Beo lines were

of medium intensity. very weak diffraction patterns were obtained of

extraneous phases in the form of lines and wide bands, which were

different for the two groups (HIP-SO and X-520), although identical

within the groups. Therefore, only one set of diffraction data is

presented for each group in Table 6, along with the data on some

compounds obtained from the ASTM diffraction card file.

The very strong lines and the medium strength lines obtained from

both categories of the metal are due to beryllium and its oxide

respectively. Except for a couple of bands at very high 'd' spacings,

all the other lines of HIP-50 are easily accounted for by Be and

hexagonal BeO patterns. HIP-5O Be is therefore a higher purity metal

than the X-520, although the latter appears to contain extremely small

amounts of impurity.
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In addition to the Be, BeO diffraction peaks and the two low

. angle broad bands obtained for both the samples, there are four

additional lines in the X-520 patterns. Of the compounds FeBe

FeAl2Be3 and Be2 SiO4 used for comparison, Be2 SiO4 appears to give the

best fit with all of these lines. Therefore, the impurity causing the

diffraction peaks are assumed to be due to a presence of Be2SiO4 in the

X-520 Be.

It should be remembered that SEM investigations of a freshly

fractured X-520 surface, showed the presence of Si, Al, and 0 in an

isolated spot, but, no evidence could be obtained for the presence of

Fe. The presence of Si and 0 and the absence of Fe can be easily

accounted for by the compound Be2Sio 4 . However, Al is not explained

using this analysis. For the present, little significance is attached

to the two broad bands appearing at 5.7 and 11.5 1, (indicative of an

amorphous phase) since it is possible that the two bands may be a

characteristic feature of the specific Debye Scherer camera that was

used. Further TEM/STEM studies are planned on these materials.
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SECTION 5

MICROCREEP ANALYTICAL STUDIES

The purpose of the analytical studies has been to apply the creep

laws to gyro design, to try and give direction to the microcreep

experiments from a design viewpoint and to support the experimental

activities with a finite element analysis.

Previous reports (References 1,3,4) have shown that analysis of

instrument trends due to microcreep, using finite element codes is

feasible. However, the creep law used to demonstrate this feasibility

was not based on reliable data. The form of law used was of power

* dependency on stress, linear with time. Recent data from NBS have best

been fitted by a curve of the form

t
Ect E op + A Bn + i)

where

Ect = total creep strain

A & B = adjustable parameters

Eop = instaneous plastic strain

t = time

The data taken has been primarily in the range of 10-20 kpsi.

Stresses in inertial components generally are limited to the 0-5 kpsi

range. From this point of view it would be desirable for future tests

to concentrate on tests in this area of applied stress. The stress

dependence of Eop, and the constants A & B must be determined.

27 -

mt~ a



CSDL has also previously analysed a point loaded disc experiment

underway at NBS. As results of this test become available, combined

with further test specimen information, microcreep of critical beryllium

instrument parts can be predicted with confidence.

28
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SECTION 6

MICROCREEP TESTING APPARATUS

The scope of the york, including the 10-7 inch/inch microcreep

capability, has warranted a very careful design of the apparatus which

applies the tensile stress. It is for this reason that the most

critical connection, that which couples the specimen to the pull rods,

has been designed in-house. care has been taken to choose materials of

the proper strength, and where appropriate, those with the lowest

contact resistance to allow proper alignment.

The underlying philosophy is that once the initial alignment is

made, the only change to occur after a period of tine should be to the

structural dimensions of the specimen. In other words, no bending

moment should be allowed initially to the specimen or allowed to occur

through some unpredicted distortion in the load train components.

The coupling from the pull rods to the apparatus is made

conventionally through knife edge couplings of 6000-lb capacity.

The apparatus consists of an Applied Test System's 10:1 ratio

lever arm tester of 12,000-lb capacity. It has been modified to operate

in the lever arm or dead load mode. This versatility is intended to

maximize the accuracy of the instrument. In the case where the load is

the lesser of 300 lb or 30 lb applied to the lever, the accuracy of the

instrument falls off. it is best for this load range to switch to the

dead load scheme with which loads can easily be applied down to 10 lb.

These loading conditions correspond to 100 to 3000 lb/in2 while in the

dead load mode and 3000 to 10,000 lb/in 2 while in the lever arm mode.

For ease of operation as well as convenience, the apparatus is

designed to convert from one to the other with minimal disturbance to

the setup while maintaining the load train alignment. This is done by

29



leaving the devis coupling assembly to the lever arm intact and weighing

down the lever arm onto the weight elevator at a setting which just

unloads the train. At this point, one just needs to disengage the rest

of the load train below the lower pull rod and attach the weight pan.

The drawhead which normally serves to pull the lever arm to keep it

horizontal can be used as a cruder but adequate weight elevator to

relieve the tension in the dead load scheme.

The temperatures which will be used for testing will be 1000,

1400 and 1800F. They will be provided by a cylindrical oven with holes

at the top and bottom for the load train. Regulation is expected to be

+0.020F. Movement of the oven will be up and down for access to the

micrometers. This is accomplished by a motor driven platform for

smoothness. This also prevents one from accidentally bumping the

specimen assembly.

Figure 5 is a schematic showing the specimen, its coupling to the

pull rods, the capacitor plates and their accompanying signal

measurement instruments. The method by which the capacitor plates are

attached to the specimen has been discussed in a previous report.")~

Figures 6 and 7 show the upper and lower capacitor plates

respectively. The upper has three distinct regions with their own feed-

through connector, thereby allowing for three separate readings which

can be added or taken separately if one wants to check the alignment of

the plates. This selection is made at the junction box.

The signal detection is to be routinely done through a General

Radio 1615A capacitance bridge with the option of null detection or DC

voltage output with the aid of a lock-in amplifier. The resolution of

the instrument is expected to be well within the 0.1 pinch separation

change desired.
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